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ABSTRACT
Abobi SM, Mildenberger TK, Kolding J, Wolff M. 2019. Assessing the exploitation status of main
fisheries resources in Ghana’s reservoirs based on reconstructed catches and a length-based
bootstrapping stock assessment method. Lake Reserv Manage. XX:XXX–XXX.
The cichlid species Oreochromis niloticus, Sarotherondon galilaeus, and Coptodon zillii, which are
among the most exploited resources in the small-scale fisheries of the Tono, Bontanga, and
Golinga reservoirs in northern Ghana, were assessed based on length frequency samples.
Growth, mortality, exploitation status, stock size, and relative yield per recruit reference points
were determined using bootstrapping fish stock assessment (BFSA), a novel framework that
allows for the estimation of uncertainties around the life-history parameters and reference levels
(e.g., L1, K, and F0.1). The results suggest that the 3 species studied are heavily exploited in all 3
reservoirs, but with no alarming signs of overexploitation. The fishing effort at Golinga is com-
paratively low as a result of insignificant fishing during the agriculture season, which relates to
low exploitation rates. Sarotherondon galilaeus and C. zillii have the highest and lowest biomass
(t/km2) respectively in all the 3 reservoirs. The small shallow reservoir (Golinga) has the highest
biomass of the target resources per unit area. According to a second assessment approach,
based on length-based indicators, all species at Bontanga and O. niloticus and S. galilaeus popu-
lations at Golinga have spawning stock biomasses below 40% of the unfished biomass. This
points to a situation of a possible ongoing recruitment overfishing of those species in the 2 res-
ervoirs and suggests that a further increase in fishing effort should be prevented. Further moni-






Reservoirs, lakes, and rivers are essential food
security and livelihood resources. Inland water
bodies provide multiple community needs,
including domestic water supply, irrigation,
hydropower generation, recreation, fisheries, and
aquaculture harvests (Deines et al. 2017; Lynch
et al. 2016). Fish production from inland waters
contributed 12.7% to total global capture fishery
production in 2014 (FAO 2016). The manage-
ment arrangements for reservoir fisheries in
Ghana are no different from what has been noted
globally for many inland water bodies. According
to the Food and Agriculture Organization (FAO)
and Michigan State University (MSU) (2016),
many inland water bodies are lacking manage-
ment that can adequately enforce the sustainable
use of resources. Additionally, where manage-
ment arrangements exist, compliance and
enforcement are often minimal or nonexistent.
This may result in excessive fishing pressure,
decreased catch per unit effort, conflicts between
fishers, and changes in the productivity of fishery
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resources. As a consequence, reductions in fish-
ing capacity will be required in some areas. To
facilitate fishery management, “The Rome
Declaration: Ten Steps to Responsible Inland
Fisheries” (FAO and MSU 2016) emphasizes the
importance of (i) improving biological and pro-
duction data assessment; (ii) developing and
improving science-based approaches to fishery
management; (iii) adequate valuing of inland
aquatic systems; and (iv) improving access to and
promoting better sharing of data and information
about inland fisheries supporting the asses-
sment–management cycle. Following these sug-
gestions, the goal of this research was to
contribute to the development of science-based
approaches to reservoir fishery management in
Ghana using assessment methods that offer
extended and robust information on growth,
mortality, exploitation, and stock status.
Fishing is a traditional activity in Ghana, par-
ticularly among rural communities along the
coastline and the major rivers such as the Volta
and its tributaries. Fishing provides a major
source of employment and income, as well as
food for people across the country. Five hundred
thousand fishermen, fish processors, traders, and
boat builders are employed in the fisheries sector
of Ghana. Together with the dependents of these
workers, the fisheries sector supports 10% of the
Ghanaian population (Mensah 2012). In northern
Ghana, fishes from rivers, reservoirs, and dugouts
(constructed water retention ponds) are an
important dietary supplement for the people.
The domestic demand for fish in Ghana has
been rising in response to human population
growth, rising incomes, and urbanization. Fish
and fish products, including low-value species
like tilapias, are gradually becoming more expen-
sive and inaccessible to the poor, relative to other
sources of animal protein. A continuous decline
in fisheries production in Ghana’s inland waters,
paralleled by increasing prices, will have disas-
trous consequences on food security, livelihoods,
and national economy. The national demand for
fish is estimated at 880,000 tonnes (t) annually,
but approximately 50% is produced locally, leav-
ing a supply deficit of a little more than 50%,
filled in by fish imports worth more than US$200
million (MoFA 2012). This has become a real
concern for policymakers in the fisheries subsector
over the years. Fish production statistics from the
Ministry of Fisheries and Aquaculture
Development show that production from the
aquaculture sector has been increasing by 6744 t
per year since 2010, while inland fisheries produc-
tion during the same period has declined by 910 t
per year, that is, 1.1% of the average annual inland
capture fisheries production. Also, it has been
noted that for the past 20 yr, catches from the res-
ervoirs in northern Ghana have been dwindling.
Possible reasons for the decline in catch could be
overexploitation of stocks, environmental degrad-
ation, and low water levels, which would have
negatively impacted fish production (Abban et al.
2002, Amevenku and Quarcoopome 2006).
Obodai and Waltia (2003) attributed the lower
catches in Tono Reservoir, the largest in the
Upper East Region of Ghana, to poor manage-
ment practices and overexploitation. The
Ghanaian Fisheries Act (Fisheries Act 2002) allows
for the declaration of closed seasons in specified
areas of coastal waters or riverine system.
Attempts by the fisheries commission to imple-
ment closed seasons to reservoir systems have gen-
erally not been successful in the past. However,
the fishers of Tono enforce a ban on fishing at the
upstream parts of the reservoir during the peak
month (either August or September) of the raining
season. Moreover, no fishing activity in the reser-
voir is allowed between 11:00 and 16:00 GMT.
Fishers are allowed to set gillnets starting from
16:00 GMT and the nets are removed the next
day before 11:00 GMT. The use of dynamite or
poison for fishing is also prohibited.
The target fisheries of Tono, Bontanga, and
Golinga reservoirs have not yet been assessed.
Research has mainly focused on fisheries socioe-
conomics, water productivity, sedimentation, and
water storage, in particular at Tono (Abache
2015, Abubakari 2015, Diekkr€uger and Liebe
2002, Mdemu 2008, Okrah 2010). Recent work
on the Tono Reservoir by Akongyuure et al.
(2017b) was focused on gillnet selectivity esti-
mates of the target fish species. Kwarfo-Apegyah
(2008) studied the exploitation rates and manage-
ment implications of the Bontanga Reservoir fish-
eries from 2004 to 2006 and reported that the
reservoir had 26 fish species belonging to 19
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genera in 11 families. Another study, by
Quarcoopome et al. (2008), focused on the fish-
eries and limnology of the Bontanga Reservoir.
No fisheries studies have as yet been conducted
on the Golinga Reservoir.
This study was aimed at assessing the stock
sizes, growth parameters, and exploitation status
of the target fish species Sarotherondon galilaeus
(Linnaeus 1758), Oreochromis niloticus (Linnaeus
1758), and Coptodon zillii (Gervais 1848) in the
Tono, Bontanga, and Golinga reservoirs. The
study employed two complementary assessment
approaches: (1) the analysis of periodically
sampled length frequency data using the
Figure 1. Map showing the locations of Tono, Bontanga, and Golinga reservoirs in Ghana.
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TropFishR software to estimate growth, mortality
parameters, exploitation rates, stock size, and bio-
logical reference points from yield per recruit
analysis and (2) the use of length-based indica-
tors to estimate the spawning potential of the
species under the current exploitation regime.
Materials and methods
The reservoir systems of northern Ghana
Northern Ghana is covered in Savannah and has
a monomodal rainfall cycle that is subject to
wide variation. Because of intermittent and ter-
minal droughts, crop and animal production can
be extremely difficult. To mitigate these chal-
lenges, reservoirs were constructed for domestic
uses, livestock watering, fish farming, and irri-
gated agriculture (MoFA 2018). With time, they
have grown into significant inland fishing
grounds. This study was carried out at 3 reser-
voirs: Tono (1052’48’’N; 19’36’’W), Bontanga
(933’0’’N; 11’12’’W), and Golinga (921’36’’N;
057’14.4’’W) (Fig. 1). Tono is the largest reser-
voir in the upper east region of Ghana and has a
surface area of 1,860 ha. Bontanga with a surface
area of 670 ha is the largest reservoir in the
northern region of Ghana, while Golinga is the
smallest among the 3 reservoirs with an area of
62 ha. Bontanga and Golinga are only 20 km
apart, while Tono is approximately 210 km away
from Bontanga and Golinga (Table 1). Golinga
has one landing site, Bontanga has 2 landing sites
(named Voggu and Bontanga), and Tono has 5
landing sites (locally called “bays”).
Fisheries characteristics
The targeted cichlid species represent 89%, 74%,
and 71% of the catch (landed weight) compos-
ition at Tono, Bontanga, and Golinga reservoirs,
respectively. The main fishing gear used are gill-
nets, cast nets, traps, and hooks and lines.
Typically, crews of 1–3 people use the gear from
canoes (average length of 7 m) wading through
the shallow regions. Fishers operate between 240
and 288 fishing days per annum. Over the course
of the study we did not encounter any Fisheries
Commission officers at Bontanga or Golinga.
However, at Tono, a fisheries officer collects
catch data on a monthly basis. The fisheries are
managed by the riparian fishing communities
and the management is headed by a chief fisher
or/chairman. The chairman’s task is to ensure
that fisheries regulations and agreed bylaws are
followed. A task force enforces the regulations at
Tono. Surveys conducted between July 2016 and
June 2017 recorded 417 active fishermen at
Tono, while Bontanga and Golinga had 96 and
18 active fishermen, respectively.
Catch and size frequency data collection
Fish landings were observed and recorded for 5
consecutive days in each month and extrapolated
to the monthly catch using an estimate of the
average number of fishing days per month.
Respective information was obtained from the
fishers at the 3 reservoirs. The bulk weight of
each fisher’s catch per day was recorded and the
caught fishes were then sorted into the target
species, counted, and weighed. At Tono, the 3
landing sites with the largest fisher populations
(i.e., bays 2, 3, and 4, Fig. 1) were monitored
simultaneously for 3 d and bays 1 and 5 were
monitored for the remaining 2 d. The 2 landing
sites at Bontanga were monitored simultaneously
during the study period, while the single landing
site at Golinga was only monitored from
November 2016 to June 2017 as there was insig-
nificant fishing during the preceding rainy season
(Jul–Oct 2016).
Samples of the target fish species were col-
lected from artisanal fishers from July 2016 to
June 2017 at the Tono and Bontanga reservoirs
and from November 2016 to June 2017 at the
Golinga Reservoir. Fishers operate with gillnets of
mesh sizes between 15mm and 70mm. The total
lengths of the fish were measured to the nearest
0.1 cm using a fish measuring board. Each fish
Table 1. Morphometric characteristics of Tono, Bontanga, and
Golinga reservoirs.
Parameter Tono Bontanga Golinga
Surface area (km2) 18.6 6.7 0.62
Reservoir length (m) 3471 1900 690
Mean depth (m) 6.6 5.9 2.7
Maximum depth (m) 13.32 9.70 4.95
Catchment area (km2) 650 165 165
Volume (m3) 93 106 25 106 1.23 106
Water level variation (m) 5.46 5.38 2.68
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was then weighed with a digital weighing scale to
the nearest 0.01g.
Length frequency data correction
Before the assessment steps, the length–frequency
(LFQ) data collected were converted to the
monthly catches for each target species, assuming
that the sample adequately represents the length
distribution of the total catch for the month
(Supplemental Table S1). The LFQ data were
then corrected by taking into account the select-
ivity of the gear. For this purpose, data from the
field studies were processed and analyzed for gill-
net selectivity using Pasgear II (Kolding and
Skaalevik 2010). Details on the abundance of
each species captured by gillnets of different
mesh sizes at the 3 reservoirs are available
(Supplemental Table S2). Pasgear II computes
selectivity parameters using the SELECT statis-
tical model method (Millar 1992, Millar and
Fryer 1999, Millar and Holst 1997). Thereby,
selectivity parameters are estimated indirectly
from comparative data of observed catch frequen-
cies across a series of mesh sizes using 5 different
models (normal location, normal scale, log-nor-
mal, gamma, and bi- modal; Kolding and
Skaalevik 2010). The model with the lowest devi-
ance is selected as the best. To obtain the esti-
mated (reconstructed) “true” frequencies of the
monthly catches, the observed LFQ were finally
corrected using a combined probability of the
fleet selection (details: Supplemental Table S3).
Assessment approach
The TropFishR package
The R package TropFishR (Mildenberger et al.
2017) was used to assess the reservoir fisheries fol-
lowing the steps outlined in Sparre and Venema
(1998). TropFishR includes enhanced versions of
all the functions in FAO-ICLARM Stock
Assessment Tools II (FISAT II) (Gayanilo et al.
2005) with some more recent methods added. The
package has traditional and updated versions of
the electronical length frequency analysis
(ELEFAN) method (Pauly 1980), used in growth
parameter estimation, with new optimization
techniques (Taylor and Mildenberger 2017),
Millar’s nonlinear selectivity models (Millar and
Holst 1997), and a complete set of methods for
fisheries analysis with LFQ data. The package
allows a stock assessment routine to derive refer-
ence levels (e.g., FMSY, F0.1) using yield per recruit
modeling based on a single year of LFQ data
(Mildenberger et al. 2017).
The individual steps of the length-based stock
assessment outlined by Sparre and Venema
(1998) and for TropFishR by Mildenberger et al.
(2017) were implemented within a bootstrapping
framework (Mildenberger et al. in prep.,
Schwamborn et al. 2019). This allows one to esti-
mate uncertainty intervals for all parameters and
avoid the seed effect (Schwamborn et al. 2019).
The framework applies the 5 subsequent steps
listed in the following sections to each resampled
LFQ data set.
ELEFAN and growth parameters estimation
ELEFAN is a method to estimate growth parame-
ters of the von Bertalanffy growth function
(VBGF) from the progression of LFQ modes
through time (Pauly 1980). It requires a vector
with the mid-lengths of defined length classes, a
matrix with catches in numbers per length class
(rows) and per sampling time (columns), and a
vector with the dates of the sampling times. The
ELEFAN estimates the growth parameters follow-
ing 3 steps: (i) “restructuring” of LFQ data
according to a procedure that scores length bins
based on deviations from a moving average
across neighboring bins, (ii) calculation of the
cumulative score for a given set of VBGF param-
eters based on the bin scores that are intersected
by resulting growth curves, and (iii) search for
VBGF parameters that result in the maximum
score value (Mildenberger et al. 2017). After the
LFQ adjustments, a bootstrapped ELEFAN with
genetic algorithm optimization function (boot-
strapped ELEFAN_GA) (Mildenberger et al. in
prep., Schwamborn et al. 2019) was applied to
the LFQ, allowing assessment of the uncertainties
around the growth estimates. Total length meas-
urements grouped into 1 cm class intervals were
used to assess the growth parameters of the spe-
cies using a seasonally oscillating von Bertalanffy
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growth function (soVBGF) (Pauly and Gaschutz
1979, Somers 1988):
Lt ¼ L1 1–e K tt0ð ÞþS tð ÞS t0ð Þð Þ
 
; (1)
where Lt is the total length of the fish at time t,
L1 is the asymptotic length of fish (cm), K is the
rate at which Lt approaches L1, and t0 is the the-
oretical age of the fish when Lt is equal to zero.
S(t)¼ (CK=2p) sin 2p(t ts), C is a constant indi-
cating the amplitude of the oscillation, typically
ranging from 0 to 1 (a value >1 implies periods
of shrinkage in length, which is rare), and ts is
the fraction of a year (relative to the age of
recruitment, t¼ 0) where the sine wave oscilla-
tion begins (i.e., turns positive).
An initial seed value of L1 was based on
Lmax, derived from the mean of the 1% largest
fish in the sample and following the formula
from Taylor (1958):
L1 ¼ Lmax=0:95: (2)
The VBGF parameters were assessed using a
moving average (MA) over 5 size intervals. Since
the VBGF parameters are known to be sensitive
to the MA setting (Taylor and Mildenberger
2017), the bootstrapped ELEFAN_ GA function
was also rerun for each assessment with MA of 3
and 7 size intervals.
The estimated L1 and K values were used to
calculate the growth performance index (phi
prime, u0) defined by Pauly and Munro (1984) as
u' ¼ logK þ 2logL1: (3)
If the LFQ of the fish from the individual res-
ervoirs resulted in poor fits of the growth curve
to the data, the data of the individual reservoirs
were pooled for each species, resulting in signifi-
cantly improved data sets per species (combined
LFQ). The aggregation of LFQ increases the sam-
ple size, which is of high importance for
ELEFAN (Mildenberger et al. in prep.,
Schwamborn et al. 2019). Growth parameters
were then assessed for the combined datasets.
The length-converted catch curves were con-
ducted for each reservoir separately based on
those growth parameters of the combined data
sets. One additional output of the ELEFAN run
in TropFishR is the parameter tanchor, which rep-
resents the fraction of the year where yearly
repeating growth curves cross length equal
to zero.
Mortality and exploitation rate
The instantaneous rate of total mortality (Z) was






¼ aþ bt; (4)
where Ni is the number of individuals in length
class I, dti is the time needed by the fish to grow
in that class i (Pauly 1990, Pauly et al. 1995), a is
the intercept, b corresponds to Z, and t is the
relative age (age  t0). The rate of natural mor-
tality (M) was estimated using the empirical
equation by Then et al. (2015):
M ¼ 4:118K0:73L10:33: (5)
This approach is an update of Pauly’s growth-
based method (Pauly 1980) of natural mortality
estimation, recommended for data-poor situa-
tions. The method was used since the fisheries of
the region is data-limited and no data on max-
imum age (tmax) are available for the target spe-
cies. It should be noted that this approach is
based on meta-analysis with a cross-validation
prediction error of 0.6. Consequently, the uncer-
tainties around the estimates of the total and
fishing mortalities are compounded by the error
associated with the natural mortality estimate.
Fishing mortality rate (F) was estimated based on
the relationship
F ¼ Z – M: (6)




(Gulland 1971). Estimated values of E were
then compared to a reference value of 0.5, which
has been proposed as an upper level of sustain-
able exploitation for most fish species (Gulland
1971). The estimated exploitation rates were
derived from maximum density values of distri-
butions for each parameter obtained from the lin-
earized length-converted catch curve through the
bootstrapping approach. While F and M add up
to Z on the level of the resamples, the maximum
density estimates (and medians) do not have to
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add up, as the maximum density of each distribu-
tion is determined independently from the other
parameters. The fishing mortality rate (F) esti-
mate was also compared to the fishing mortality
value at maximum sustainable yield (FMSY),
defined (Zhou et al. 2012) as
FMSY ¼ 0:87M: (8)
Size at first capture
The mean length (Lc) at which 50% of the fish
are retained by the gear was estimated from the
individual observed catch frequencies of the dif-
ferent mesh sizes that are used to target species
at each reservoir. The ogive selection routine of
Pasgear II was used to estimate the Lc, assuming
that the probability of capturing a fish is solely
dependent on its length.
Stock size estimates through cohort analysis
A length-based virtual population analysis (VPA)
(Jones 1984) was conducted to reconstruct the
standing biomass of the stocks of the target spe-
cies and to estimate fishing mortality per length
class using the L1 and K values from the boot-
strapped ELEFAN_GA analysis. The annual mean
value of F derived through the length-converted
catch curve was used as an estimate for the fish-
ing mortality of the last length class (terminal F).
The last length classes, with low catch numbers,
were grouped into plus groups for each species.
The length-based VPA is based on the following
two equations:
Niþ1 ¼ Niexp  Fi þMð Þð Þ (9)
Ci ¼ Ni Fi 1 exp  Fi þMð Þð Þð ÞFi þM ; (10)
where N is the stock size in numbers, C is the
catch, F is the fishing mortality, and M is the
natural mortality. The biomasses of the different
length classes were calculated with the length–-
weight relationship formula using the constant
(a) and the exponent (b) values derived from the
data of the study (Table 2).
Relative yield per recruit (Y’/R) and reference points
The model of Thompson and Bell (1934), which
estimates yields, biomass, and value as a function
of fishing effort (or fishing mortality) and gear
selectivity parameters, was used to predict (a) the
fishing mortality that produces the highest yield
per recruit (Fmax), (b) the fishing mortality that
results in a 50% reduction of the biomass com-
pared to the unexploited population (F0.5), and
(c) a fishing mortality that corresponds to 10% of
the slope of the yield per recruit curve at the ori-
gin (F0.1). This model builds on the output of the
length-based VPA with the following input
parameters: K (annual growth coefficient); ta
(anchor point); L1 (asymptotic length); M
(Natural mortality); a (constant of LWR); b
(exponent of LWR); Lr (length at recruitment to
fishery); and L50 and L75 (selectivity parameters)
(Thompson and Bell 1934, Sparre and Venema
1998). The 3 reference points, namely, Fmax, F0.5,
and F0.1, with their confidence intervals, were
used to determine the exploitation status of the 3
stocks of Bontanga, Tono, and
Golinga reservoirs.
Length-based indicators for sustainable catches
Froese (2004) proposed 3 length-based metrics
indicative of sustainable fishing. These metrics
form our second approach for the assessment of
stock status, which are:
a. Pmat: the proportion of mature fish in the
catch, with 100% as the reference target point,
based on the formula
Pmat ¼ % fish in sample > Lm; (11)
where Lm is the length at first sexual maturity.
The desirable target would be to let as many fish
as possible spawn at least once before they are
caught, to rebuild and maintain healthy spawning
stocks (Froese 2004). The total length at first sex-
ual maturity was based on published research on
the species (Adite and Van Thielen 1995,
Akongyuure et al. 2017b, Duponchelle and Panfili
1998, Kwarfo-Apegyah and Ofori-Danson 2010,
Lederoun et al. 2016, Ofori-Danson et al. 2008).
The mean Lm values corresponded to 7.9 cm,
11.9 cm, and 11.3 cm for C. zillii, O. niloticus, and
S. galilaeus, respectively.
b. Popt: the proportion of fish within a 10% range
around the optimum length (Lopt) in the catch,
with 100% as the reference target, based on the
formula
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Popt ¼ % fish > Lopt 10% and < Loptþ 10%;
(12)
where
log Loptð Þ ¼ 1:053log Lmð Þ  0:0565: (13)
(Froese and Binohlan 2000)
The Lopt for the target species based on the
preceding formula were 7.7 cm, 11.9 cm, and
11.3 cm for C. zillii, O. niloticus, and S. gali-
laeus, respectively.
c. Pmega: proportion of “mega-spawners” in the
catch, with 30–40% as a desirable target
Table 2. Summary statistics and length-weight relationships of the target fish species from Bontanga, Tono, and Golinga
reservoirs of northern Ghana.








range a (Cl95%a) b (Cl95%b) r
2
Bontanga Cichlidae Coptodon zillii
(Gervais 1848)
2393 5.6–24.0 9.2 7.2 1.1–274.3 0.0236 (0.0224–0.0248) 2.89 (2.86–2.91) 0.9598
Cichlidae Oreochromis niloticus
(Linnaeus 1758)
2678 6.1–37.5 12.3 10.7 2.1–1190.3 0.0226 (0.0213–0.0240) 2.93 (2.91–2.95) 0.9567
Cichlidae Sarotherondon galilaeus
(Linnaeus 1758)
2677 6.0–21.9 11.4 10.9 4.6–196.8 0.0210 (0.0199–0.0222) 2.97 (2.95–2.99) 0.9605
Tono Cichlidae Coptodon zillii
(Gervais 1848)
2584 7.0–19.6 11.2 9.0 4.0–126.9 0.0155 (0.0145–0.0165) 3.04 (3.02–3.07) 0.9513
Cichlidae Oreochromis niloticus
(Linnaeus 1758)
2638 9.2–24.7 15.2 13.4 13.5–243.9 0.0248 (0.0232–0.0265) 2.88 (2.86–2.91) 0.9537
Cichlidae Sarotherondon galilaeus
(Linnaeus 1758)
2700 9.9–22.4 15.3 12.7 18.4–169.9 0.0275 (0.0255–0.0297) 2.84 (2.82–2.87) 0.9388
Golinga Cichlidae Coptodon zillii
(Gervais 1848)
261 6.5–23.3 10.5 8.6 5.3–219.6 0.0141 (0.0121–0.0165) 3.10 (3.03–3.16) 0.9710
Cichlidae Oreochromis niloticus
(Linnaeus 1758)
1157 6.4–26.7 13.5 12.1 5.1–381.8 0.0219 (0.0203–0.0236) 2.95 (2.92–2.98) 0.9718
Cichlidae Sarotherondon galilaeus
(Linnaeus 1758)
971 5.8–21.2 12.4 11 1.3–196.5 0.0194 (0.0180–0.0210) 3.00 (2.97–3.03) 0.9745
Note. N, sample size; Lmean, mean length of catch; Lc, length at first capture; TL, total length (cm, min–max); BW, body weight (g, min–max); a, intercept;
b, slope; CI, confidence interval; r2, determination coefficient.
Figure 2. Size distribution of O. niloticus, S. galilaeus, and C. zillii landings observed from July 2016 to June 2017 at Bontanga,
Tono, and Golinga reservoirs of northern Ghana. The vertical lines represent the length-based reference values: length at first
maturity (dashed line), optimum length Lopt (dotted line), and starting length of mega-spawners (“dot-dashed” line).
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reference point, based on the formula (Froese
2004)
Pmega ¼ %fish > Loptþ 10%: (14)
The lengths (Lmega) for the Pmega calculation
were 8.5, 13.1, and 12.40 cm for C. zillii. O. niloti-
cus, and S. galilaeus, respectively.
Following a decision tree procedure by Cope and
Punt (2009), the 3 proportions were summed
(PmatþPoptþPmega) to obtain Pobj, an indica-
tor of stock status above spawning biomass (SB)
reference points. The Pobj allows for differenti-
ation of selectivity patterns, as the authors
observed that Pobj had a more consistent rela-
tionship with spawning biomass (SB) than any of
the individual metrics (Pmat, Popt, or Pmega)
and that different selectivity patterns in the fish-
ery were associated with a range of values of
Pobj. Once a selectivity pattern is established
based on Pobj, threshold values of Pmat, Pobj,
and/or the Lopt/Lm ratio point to an estimated
probability of the stock spawning biomass (SB)
being below established reference points, either
40% or 20% of the unfished spawning biomass
(0.4SB or 0.2SB).
Results
Eighteen thousand and fifty-nine fish were meas-
ured, consisting of 5,238 C. zillii, 6,473 O. niloti-
cus, and 6,348 S. galilaeus. Monthly catch varied
significantly among the species and the reser-
voirs. The lowest catch was at Golinga, where no
significant commercial catches were obtained
from July 2016 to November 2016 (Table 3).
Details on the size composition are available in
Table 2 and Fig. 2.
Catch and gillnet selection correction
For the 3 species, at all the reservoirs, the period
coinciding with the dry season (Jan–Jun) required
a higher raising factor for the catch and gillnet
selectivity correction than the raining season
(Supplemental Table S1) due to reduced fishing
activities as fishers add crop and vegetable pro-
duction to their livelihood activities. The correc-
tion for gillnet selectivity was applied across the
total length classes for the species based on the
combined fleet selectivity (Supplement Table S3).
Growth parameters
The maximum density values after 500 resamples
were closer to the upper limit of the respective con-
fidence intervals. The maximum density estimates
of K were similar between species: 0.71, 0.85, and
0.79/yr for C. zillii, O. niloticus, and S. galilaeus,
respectively (Fig. 3). Sarotherondon galilaeus had
the narrowest confidence intervals for L1 and K,
while O. niloticus and C. zillii had the highest
uncertainties for the L1 and K estimates, respect-
ively (Table 4, Fig. 4). The growth performance
index values were similar among the 3 species and
were within 2.40 and 2.78. The maximum density
estimates of the parameter tanchor were 0.41, 0.52,
and 0.64, representing the months of June, July,
and September, where yearly repeating growth
curves cross length equal to zero for C. zillii, O.
niloticus, and S. galilaeus, respectively. The results
of the ELEFAN assessments using an MA of 3 and
7 size intervals are available in Appendix 1.
Mortality and exploitation rate estimates
Estimates of total mortality were computed by
applying the growth parameters of the pooled
data assessed with MA of 5 to the individual
LFQ data of the species. It should be noted that
the natural mortality (M) value was assumed to
be the same for a species across the reservoirs.
Total and fishing mortalities, however, differed
among the species and the reservoirs. The esti-
mated exploitation rates for the different species
in the 3 reservoirs ranged from 0.23 to 0.66/yr
with confidence intervals within the range of
0.31–0.77/yr (Table 5, Fig. 5). The maximum
density values and confidence intervals of the
Table 3. Catch (in tonnes) of Coptodon zillii, Oreochromis
niloticus, and Sarotherondon galilaeus recorded through field
survey at Tono, Bontanga, and Golinga reservoirs from July








Coptodon zillii 12.36 9.72 0.14 22.22
Oreochromis niloticus 52.01 19.75 4.28 76.04
Sarotherondon galilaeus 103.06 48.9 3.13 155.09
Total 167.43 78.37 7.55 253.35
LAKE AND RESERVOIR MANAGEMENT 9
exploitation rate of C. zillii stock at Bontanga
and S. galilaeus at Golinga were below the opti-
mal exploitation rate (E0.5). Oreochromis niloticus
stock at Tono Reservoir had maximum density
and confidence interval values above the optimal
exploitation rate (E0.5). The rest of the stocks had
maximum density and confidence intervals span-
ning between underexploitation and overexploita-
tion. The length-frequency data of S. galilaeus
stock in the Tono Reservoir did not allow for the
running of linearized length-converted catch
curve with the growth parameters from the
ELEFAN with an MA equal to 5. However, the
results on the exploitation of this stock assessed
with an MA of 3 is presented in Appendix 2a.
The results indicate that most of the data points
selected for the estimation of Z value for S. gali-
laeus and C. zillii after 500 resample were within
the confidence limits, while O. niloticus had a
wider distribution of data points (Fig. 5).
Size at first capture
The mean length (Lc) at first capture varied among
the species and the reservoirs. Coptodon zillii had
the lowest Lc values, while those of O. niloticus and
Figure 3. Scatter histogram of bootstrapped ELFFAN with genetic algorithm optimisation for the target species from 3 reservoirs
using TropFishR. The points represent the individual combinations of L1 and K estimates, while the contours represent the density
of the combinations. The histograms represent the marginal distributions of the L1 and K estimates, respectively.
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S. galilaeus were higher. Bontanga had the lowest Lc
values, whereas Tono Reservoir had the highest Lc
values for the 3 target species (Table 2).
Stock size estimates by cohort analysis
Coptodon zillii had the lowest biomass per unit
of area in all the 3 reservoirs, with 3.08, 0.87, and
0.45 tonnes/km2 at Bontanga, Tono, and Golinga,
respectively. Oreochromis niloticus biomass at
Bontanga, Tono, and Golinga were 6.19, 6.03,
and 13.05 tonnes/km2, respectively, while S. gali-
laeus had the highest biomass per unit of area in
all the 3 reservoirs with 10.66, 9.33, and 16.52
tonnes/km2 at Bontanga, Tono, and Golinga,
respectively. Overall, the 3 cichlid stocks com-
bined had a biomass of 30.02 tonnes/km2 at
Golinga, 19.93 tonnes/km2 at Bontanga, and
16.23 tonnes/km2 at Tono (Table 6).
Yield per recruit reference points
The estimated current fishing mortality values of
the stocks are lower than the Fmax values pre-
dicted to give maximum relative yield per recruit,
but were close to the F0.5 values (Table 5,
Appendix 2b), indicating that the current fishing
mortality maintains 50% of the biomass of the
stock and the stocks are not overexploited but
rather fully exploited. Comparing F0.1 to F indi-
cates that the current fishing mortality rates of S.
galilaeus in Bontanga and Golinga and those of
O. niloticus in Tono and Golinga are below the
rates at which the marginal yield per recruit is
only 10% of the marginal yield-per-recruit of the
unexploited stock. Although the 3 species showed
slight differences in the Fmax values, the estimates
for O. niloticus were similar across the 3 reser-
voirs. Similarly, the F0.5 values were close among
the species and the reservoirs (Table 5).
Length-based indicators
The length-based indicators (LBI) show that the
cichlid stocks at the Tono Reservoir have spawn-
ing biomasses above 0.4, which is the unfished
biomass reference point. The cichlid stocks
spawning biomasses at Bontanga were all below
0.4. The LBI analysis suggests that at Golinga
only C. zillii has spawning biomass above the ref-
erence biomass of 0.4 times the unfished biomass.
The length distribution of the fish caught at the
reservoirs (Table 7, Fig. 2) indicates that the 3
stocks at Tono had landings with 98% of the fish
having a probability of being sexually mature of
50% (regarding the length at first sexual matur-
ity). The landings at Bontanga had between 55
and 66% of fish being above the length at first
sexual maturity, while the proportion of the land-
ings at Golinga that had fish above the length at
first sexual maturity spanned between 80 and
95%. Tono and Bontanga had the highest and the
lowest Pmega values respectively for all the spe-
cies. Pmat values followed the same order.
Golinga had the highest Popt values for O. niloti-
cus and S. galilaeus, while Bontanga had the
highest Popt value for C. zillii. The lowest Popt
values for all the species were at Tono (Table 7).
Figure 4. Length-frequency histograms with the growth curves
(dashed lines) obtained through the bootstrapped ELEFAN
with GA analysis superimposed for Coptodon zillii, Oreochromis
niloticus, and Sarotherodon galilaeus. The bars represent the
restructured length frequency data, where black bars indicate
positive peaks and white bars represent negative peaks. The
method tries to maximize the number of positive peaks hit.
The faint blue and red colors emphasize positive and negative
peaks, respectively.
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Discussion
Length frequency analysis using TropFishR
Inland fish stocks in the tropics are largely
assessed with length-based methods since other
approaches (such as otolith techniques) are more
difficult and costly to use. However, in northern
Ghana, length-frequency data are not available
from the fisheries authorities. This research,
therefore, was conducted to obtain data for
length-based assessments. We assumed that target
fish stocks in systems with similar ecological
characteristics but different fishing pressure may
be effectively assessed by (1) pooling the individ-
ual length-frequency data of the studied reservoir
systems for deriving common growth parameters
and then (2) analyzing the fisheries exploitation
and stock sizes for each reservoir system using
individual system length-frequency data.
Additionally, through the correction of the
length-frequency data for gear selection and rais-
ing it to represent the total catch of the system
over the study period, we achieved more robust
and stable estimates of mortality. When length-
frequency data are available without any informa-
tion on gear selection, a study on gear selectivity
of the same or related species from a similar
system with detail information on gear and mesh
sizes can be used to either estimate or assume the
selectivity curve of the interested system. The gill-
net selectivity of this study can thus be applied to
the species in other reservoir systems of the
region where no selectivity studies have been car-
ried out.
Growth parameter estimates
The growth parameters obtained in our study for
O. niloticus resemble those of populations studied
in the reservoirs of Burkina Faso reported by
Baijot and Moreau (1997). For S. galilaeus our
estimated asymptotic length (L1¼ 17.8 cm) is
within what has been reported for this species in
other reservoirs of West Africa, and our L1 and
K estimates resemble those reported by Baijot
and Moreau (1997) for populations in Loumbila
and Ramitenga reservoirs in Burkina Faso. The
similarity in the growth pattern of these two spe-
cies can be attributed to the similar climatic con-
ditions between Burkina Faso and the Northern
Table 5. Estimated mortality values (Z, M, and F), exploitation
rate (E), and biological reference points of fishing mortality
(FMSY, Fmax, F0.1, F0.5) for the target species of Tono, Bontanga,
and Golinga reservoirs. Mod: mode of the marginal distribu-
tion. Low (lower) and Upp (upper) denote 95% confidence
interval of the estimates. Estimates are based on the pooled
growth parameters with moving average of 5, hence the M
estimate of a species is a common value for all reservoirs.
Species Parameter (/yr)
Bontanga Tono Golinga
Mod Low Upp Mod Low Upp Mod Low Upp
C. zillii Z 2.16 1.06 3.53 1.94 1.69 5.84 2.37 1.30 4.06
M 1.17 0.66 1.80 1.17 0.66 1.80 1.17 0.66 1.80
FMSY 1.02 0.57 1.57 1.02 0.57 1.57 1.02 0.57 1.57
F 0.94 0.35 1.84 1.29 0.61 4.48 1.17 0.40 2.46
E 0.43 0.33 0.52 0.66 0.36 0.77 0.49 0.31 0.61
F0.1 0.93 0.76 1.85 1.17 0.56 1.79 1.15 0.63 1.81
Fmax 6.97 1.91 7.00 2.50 1.22 7.00 2.19 1.73 7.00
F0.5 0.57 0.49 1.42 0.85 0.42 1.52 0.83 0.42 1.33
O. niloticus Z 1.88 1.04 4.28 1.74 0.97 4.48 3.54 1.05 5.18
M 1.25 0.43 1.48 1.25 0.43 1.48 1.25 0.43 1.48
FMSY 1.09 0.37 1.29 1.09 0.37 1.29 1.09 0.37 1.29
F 1.15 0.51 3.02 0.96 0.49 3.08 0.81 0.61 3.73
E 0.61 0.49 0.71 0.55 0.50 0.69 0.23 0.58 0.72
F0.1 1.02 0.82 2.78 1.89 1.05 3.54 1.79 0.66 2.17
Fmax 4.16 1.80 7.00 6.97 3.59 7.00 6.99 1.89 7.00
F0.5 1.50 0.49 1.76 1.67 0.95 3.19 1.21 0.43 1.65
S. galilaeus Z 2.64 1.48 3.64 2.03 1.82 3.36
M 1.32 1.00 1.77 1.32 1.00 1.77
FMSY 1.15 0.87 1.54 1.15 0.87 1.54
F 1.34 0.46 2.05 0.91 0.70 1.66
E 0.51 0.31 0.56 0.45 0.38 0.49
F0.1 1.54 0.68 5.06 1.72 1.48 4.40
Fmax 4.92 1.65 7.00 7.00 7.00
F0.5 1.26 0.51 2.07 1.68 1.61 2.83
Table 4. Parameter estimates (mode of marginal distribution,
Mod) of the seasonally oscillating von Bertalanffy growth
function of the target fish species from reservoirs assessed
with the bootstrapped electronic length frequency analysis
with genetic algorithm function of TropFishR. Estimates based
on the pooled length-frequency data of Tono, Bontanga, and
Golinga reservoirs collected from July 2016 to June 2017.
Lower and upper denote 95% confidence interval of
the estimates.
Species Parameter Mod Lower Upper
C. zillii L1 (cm) 20.60 15.62 22.34
K (/yr) 0.71 0.33 1.22
tanchor 0.41 0.19 0.87
C 0.76 0.21 0.94
ts 0.64 0.24 0.79
U 2.48 1.91 2.79
O. niloticus L1 (cm) 25.92 19.80 28.23
K (/yr) 0.85 0.21 1.05
tanchor 0.52 0.17 0.87
C 0.52 0.16 0.92
ts 0.74 0.11 0.94
U 2.76 1.91 2.92
S. galilaeus L1 (cm) 17.79 17.16 19.10
K (/yr) 0.79 0.52 1.15
tanchor 0.61 0.21 0.79
C 0.70 0.30 0.90
ts 0.41 0.23 0.70
U 2.40 2.19 2.62
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sector of Ghana. However, studies on the same
species in Doukon and Togbadji reservoirs in
Benin by Lederoun et al. (2016) depict a larger
asymptotic length, while the K estimates are com-
parable to those reported in this study (Table 8).
The growth parameters of the target species
estimated in our study are also similar and com-
parable to those reported for C. zillii and O. nilo-
ticus in a previous study of the Bontanga
Reservoir by Ofori-Danson et al. (2008) but differ
for S. galilaeus. The difference in the case of S.
galilaeus could be a result of a more precise
Figure 5. Bootstrapped linearized length-converted catch curve based on 1-yr catch data with selectivity correction. (a) C. zillii-
Bontanga, (b) C. zillii-Tono, (c) C. zillii-Golinga, (d) O. niloticus-Bontanga, (e) O. niloticus-Tono, (f) O. niloticus-Golinga, (g) S. galilaeus-
Bontanga, and (h) S. galilaeus-Golinga. The circles represent the points of the catch curve, which was applied to each resampled
data set. The line represents the regression line corresponding to the maximum density estimates of the 500 estimated catch
curves. The blue shaded area represents the 95% confidence interval for the maximum density regression line.
Table 6. Biomass (in tonnes) of Coptodon zillii, Oreochromis niloticus, and Sarotherondon galilaeus estimated using Jones’s
cohort analysis.
Species
Tono reservoir Bontanga reservoir Golinga reservoir
Biomass (t) Productivity (t/km2) Biomass (t) Productivity (t/km2) Biomass (t) Productivity (t/km2)
C. zillii 16.24 0.87 20.61 3.08 0.28 0.45
O. niloticus 112.17 6.03 41.50 6.19 8.09 13.05
S. galilaeus 173.63 9.33 71.44 10.66 10.23 16.52
Total 302.04 16.23 133.55 19.93 18.60 30.02
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estimation of the growth parameters in our study
due to methodological improvements from the
previous study. The growth of C. zillii has not
been extensively studied in West Africa. A study
on Sourou Reservoir by Baijot and Moreau
(1997) reported slightly larger L1 and K values
compared to our estimated values.
Fisheries exploitation
While the use of different MAs and bin sizes
revealed differences in the levels of uncertainty
associated with growth and mortality parameters
and stock conditions, the estimated qualitative
exploitation rate (i.e., underexploited, optimal, or
overexploited) was not sensitive to these differen-
ces for 6 out of the 8 assessments that were con-
ducted using the 3MA settings. The bootstrapped
linearized length-converted catch curve approach
depicts that stocks assessed as underexploited or
overexploited (considering the highest density of
the estimated exploitation rate) may have confi-
dence limits that are entirely within the limits of
underexploitation (E 0.5) or overexploitation
(E 0.5) or have the lower limit as underexploited
and the upper limit in the range of overexploita-
tion. The stocks of C. zillii at the Bontanga and
Golinga reservoirs both had estimated exploitation
rates below 0.5, but the uncertainty around the
estimate was far larger for Golinga than for
Bontanga. Knowledge of the uncertainty of param-
eter estimates reflects the uncertainty in the data
and can inform data monitoring (e.g., whether
available data are sufficient and which length
classes are underrepresented). Furthermore, the
uncertainties can inform managers about the
applicability and suitability of certain assessment
methods and can be used when comparing results
from different assessment approaches. Most
importantly, the parameter uncertainties can be
used in the definition of stochastic harvest control
rules (e.g., in defining a harvest control rule that
allows a 5% probability of the stock falling below
a biomass reference point).
The assessment of the 3 target species in
Bontanga by Ofori-Danson et al. (2008) indicated
that these species were underexploited, whereas our
study suggests that C. zillii and S. galilaeus are
under optimal exploitation, and O. niloticus is over-
exploited. The shift from under- to overexploitation
for this species is likely due to the increase in the
number of active fishers from 61 in 2009 (Alhassan
et al. 2014) to the current fisher population of 96.
At Tono, the largest reservoir in northern Ghana
and under great fishing pressure, our work is the
first to provide information on the state of the
exploited resources. While we recorded 417 active
fishermen during our study, Akongyuure et al.
(2017a) estimated the total number of fishers oper-
ating on the reservoir as 950. This could help
explain the very high exploitation rates obtained
for the target species in this reservoir.
In the Golinga Reservoir, the cichlid resources
appear to be underexploited, presumably because
this reservoir is left unexploited for a quarter of
the year due to the comparative advantage of
crop production that the Golinga fishers engage
in during the main farming season from July to
October. A full-year exploitation cycle will likely
cause an increase in exploitation rates for all the
species in the future. It is expected that any
revamping (e.g., desilting and expansion of
Table 7. Proportions of mature fish (Pmat), optimum-sized fish (Popt), larger than optimum size fish (Pmega), and Pobj (¼
Pmatþ Poptþ Pmega) for each species, and from the 3 reservoirs based on the indicators proposed by Froese (2004) and the
formulas described in the Methods section. Stock condition interpretation is based on a decision tree proposed by Cope and
Punt (2009), aimed to assess whether spawning biomass (SB) is above (>) or below (<) a reference point (RP) of 0.4 unfished
biomass. The last column indicates the estimated probability of SB being lower than 0.4 of unfished biomass based on the same
authors. For further details refer to Supplemental Table S4.
Species Reservoir Pmat Popt Pmega Pobj Stock condition interpretation Probability
C. zillii Bontanga 0.66 0.25 0.66 1.57 SB< RP 100%
Tono 0.98 0.02 0.98 1.98 SB RP 0%
Golinga 0.95 0.03 0.95 1.94 SB RP 0%
O. niloticus Bontanga 0.55 0.40 0.34 1.29 SB< RP 100%
Tono 0.98 0.10 0.90 1.97 SB RP 0%
Golinga 0.80 0.37 0.56 1.73 SB< RP 100%
S. galilaeus Bontanga 0.58 0.42 0.36 1.37 SB< RP 100%
Tono 1.00 0.01 0.98 1.98 SB RP 0%
Golinga 0.81 0.24 0.65 1.70 SB< RP 100%
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reservoir surface area) of the reservoir would
accelerate fishing activities and may require
access regulation to maintain the sustainable
exploitation of the resources.
Overall, the parameters of the assessment reveal
that the stocks are optimally exploited and the pro-
portions of fish targeted seem adequate for the res-
ervoirs fisheries sustainability. However, the present
level of full exploitation of the target resources
indicates no scope for further development and
effort increase of the fisheries. The fishery at Tono
Reservoir is driven by market preferences. Large-
sized Oreochromis niloticus, which are mostly
spawners, are substantially targeted. If the current
exploitation rate of 0.55/yr is not reduced, recruit-
ment overfishing may prevail in the future. To pre-
vent an increase in fishing effort, access rights to
the fishery at Tono, Bontanga, and Golinga reser-
voirs need to be formalized and regulated by
Kassena Nankana Municipal Assembly and
Kumbungu and Tolon District Assemblies, respect-
ively. Fishing community leaders and fisher groups
should be involved in this process.
Length-based indicators
Commercial fishing leads to changes in the size
composition of the fished populations, so that
simple length indicators of the fished population
may be used to estimate the degree of exploit-
ation (Arlinghaus et al. 2008, de Castro et al.
2015, Froese 2004, Miranda and Dorr 2000).
Length compositions of caught fish should dem-
onstrate the conservation of large, mature indi-
viduals (Berkeley et al. 2004). The LBI depicting
that the spawning biomass of the stocks at Tono
is above reference point is in contradiction to the
exploitation rates obtained for C. zillii and O.
niloticus based on the linearized length-converted
catch curve analysis. The high Pmega values for
the stocks at Tono indicate that a large fraction
of mature individuals/mega spawners are avail-
able in the reservoir and confirms the market-
driven size-selective fishery ongoing at the reser-
voir. Considering the high Pmega values, the
overexploitation of the C. zillii and O. niloticus
stocks in Tono Reservoir may trigger recruitment
overfishing, if a less selective fishing pattern is
not adopted. Less selective fishing patterns have
been observed to preserve the relative proportion
of the components in the fish community. This
phenomenon has been achieved in several high-
yielding small-scale inland fisheries in Africa by
largely maintaining a balanced reduction of all
species and size groups (Misund et al. 2002,
Kolding et al. 2003, Kolding and van Zwieten
2011, Kolding et al. 2014, Kolding et al. 2015).
The results of the exploitation pattern at Tono,
Table 8. Growth parameters (L1¼ Asymptotic length and K¼Growth coefficient), mortality estimates (Z¼ Total mortality,
M¼Natural mortality, and F¼ Fishing mortality), and exploitation rates (E) from different fishing areas in West Africa, including
the estimates of the present study.
Species L1 (cm) K (yr) U Z (yr) M (yr) F (yr) E (yr) Country Locality Reference
C. zillii 27.83 0.46 3.16 1.14 2.02 0.64 Nigeria Cross River basin (Uneke and Nwani 2014)
34 0.20 2.36 Burkina Faso Sourou Reservoir (Baijot and Moreau 1997)
21.9 0.6 2.46 Niger River Niger (Merona 1983)
21.53 0.6 0.44 1.99 1.41 0.58 0.29 Ghana Bontanga Reservoir (Ofori-Danson et al. 2008)
20.6 0.71 2.48 2.02 1.17 0.85 0.42 Ghana Bontanga Reservoir This study
20.6 0.71 2.48 1.85 1.17 1.23 0.66 Ghana Tono Reservoir This study
20.6 0.71 2.48 2.16 1.17 0.97 0.45 Ghana Golinga Reservoir This study
O. niloticus 26.2 0.7 2.68 Burkina Faso Kokologho Reservoir (Baijot and Moreau 1997)
23.7 0.29 2.21 Burkina Faso Boulmigou Reservoir (Baijot and Moreau 1997)
21.3 0.52 2.37 Burkina Faso Petit Bale Reservoir (Baijot and Moreau 1997)
15.8 0.75 2.27 Burkina Faso Sourou Reservoir (Baijot and Moreau 1997)
23.63 0.58 2.55 1.9 1.35 0.55 0.29 Ghana Bontanga Reservoir (Ofori-Danson et al. 2008)
25.9 0.85 2.76 1.84 1.25 1.12 0.61 Ghana Bontanga Reservoir This study
25.9 0.85 2.76 2.1 1.25 1.29 0.61 Ghana Tono Reservoir This study
25.9 0.85 2.76 3.19 1.25 0.57 0.18 Ghana Golinga Reservoir This study
S. galilaeus 14.7 1.11 2.38 Burkina Faso Loumbila Reservoir (Baijot and Moreau 1997)
17.4 0.45 2.13 Burkina Faso Ramitenga Reservoir (Baijot and Moreau 1997)
26.2 0.73 2.70 1.76 1.51 0.27 0.15 Benin Lake Doukon (Lederoun et al. 2016)
23.6 0.87 2.68 2.21 1.74 0.47 0.21 Benin Lake Togbadji (Lederoun et al. 2016)
36.8 0.26 2.55 1.36 0.7 0.66 0.48 Ghana Bontanga Reservoir (Ofori-Danson et al. 2008)
17.8 0.79 2.4 2.66 1.32 1.36 0.51 Ghana Bontanga Reservoir This study
17.8 0.79 2.4 1.32 Ghana Tono Reservoir This study
17.8 0.79 2.4 2.05 1.32 0.93 0.45 Ghana Golinga Reservoir This study
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thus, call for a reconsideration of size-based regu-
lations for the management of the reservoir fish-
eries. On the contrary, the size distribution of
catches at the Bontanga Reservoir shows intensive
exploitation of immature or small-sized fish. The
retention of immature fish by gillnets at
Bontanga is also evident from the low estimates
of Lc for all the 3 species. This supports a previ-
ous study by Kwarfo-Apegyah and Ofori-Danson
(2010) that revealed that the target resources at
Bontanga Reservoir had small sizes, with total
length at first maturity corresponding to 11.8 cm,
9.3 cm, and 5.9 cm for O. niloticus, S. galilaeus,
and C. zillii, respectively.
Before the creation and enforcement of gear
and mesh size regulations, the management of res-
ervoir fishery resources should consider funding
monitoring projects to obtain essential information
about the fisheries through relatively simple and
less costly stock assessment approaches: for
example, the estimation of biological reference
points and length-based indicators from routinely
collected length-frequency and gear selectivity
data. This is because restrictions that are not based
on the knowledge of a fishery are likely to be inef-
fective in managing it. We suggest that the
Fisheries Commission of Ghana should consider
collaborating with the universities to conduct joint
sample-based surveys at least biennially. This will
help to assess changes in stock and update man-
agement strategies.
Stock size
The high productivity of the resources in the
smallest reservoir (Golinga) is consistent with
studies that indicate that shallow and smaller
African lakes are the most productive and that
fish productivity generally declines with increas-
ing lake size (Downing 2010, Fernando and
Holcık 1982). The study on Bagre Reservoir in
Burkina Faso by Villanueva et al. (2006) reported
biomasses of 5.12, 3.11, and 0.81 tonnes/km2 for
S. galilaeus, O. niloticus, and C. zillii, respectively,
which are comparable to the biomasses of the
species estimated in Tono Reservoir. The higher
biomass of C. zillii at Bontanga compared to
Tono, Golinga, and Bagre reservoirs is most
likely attributable to the low exploitation of the
species over time. Similarly, the relatively high
biomass of O. niloticus at Golinga also reflects
the current exploitation rate (0.23/yr) of the spe-
cies, which could be increased if fishing continues
to be seasonal. The biomasses of S. galilaeus pop-
ulations at Bontanga and Golinga are higher than
in the much larger Tono and Bagre reservoirs,
which could be due to the species preference for
small, shallow, and highly productive systems.
Conclusions
The use of two approaches in assessing the resour-
ces of the reservoirs offers a broader understand-
ing of the status of the fisheries exploitation and
their sustainability. Bootstrapped length-frequency
analysis with TropFishR provided a holistic and
robust assessment of the fisheries with sequential
estimation of growth, mortality, exploitation rates,
stock size parameters, and biological reference
points, with associated uncertainties.
The length-based indicator approach allowed
us to make a rapid and relatively simple decision
on the sustainability of the fisheries based on
spawning biomass reference points. The LBI pro-
vides an indirect assessment of fishing impact
and the effect of gear selection on stock size
composition. It has been noted that the cost,
complexity, and lack of technical capacity in
many countries have made the scientific assess-
ment and sustainable management of data-poor
fisheries a persistent problem (Prince and
Hordyk 2018). This is particularly the case for
reservoir fisheries in many tropical countries.
Although the BFSA approach is robust and can
pass as the best assessment framework for the
determination of management reference points
for reservoir exploited stocks, in extremely data-
poor fisheries, where personnel are limited, the
LBI method can provide limited preliminary
assessment of the fisheries sustainability.
Our findings suggest that the target resources
of Golinga are optimally exploited, likely due to
the fact that fishing activities are limited to only
8mo of the year. While the length-frequency
assessment shows no indication of overexploita-
tion of the fishery resources at Bontanga, fishing
pressure on immature C. zillii population is high
and may become critical if it is increased, since
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the current Lc is below the length at first maturity
and is also below the lower limit of the Lopt
range. Therefore, managing this stock will require
that fishers at Bontanga agree to create bylaws
that provide size control measures (e.g., restric-
tions on fishing on nursery grounds) to reduce
immature proportions of current landings. The
fishing pressure on large-sized C. zillii and O.
niloticus populations at Tono Reservoir should be
reduced to avert recruitment overfishing.
Fisheries at Golinga can be sustainably exploited
with the prevailing fishing pressure and pattern,
which depict underexploitation of the fisheries
resources. Further research to generate adequate
data and knowledge on size composition of fish
landings from major reservoirs, gear selectivity,
and sizes at first sexual maturity of commercially
important species is recommended to improve
assessment and thus management advice of reser-
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Appendices
Appendix 1. Parameter estimates (mode of marginal distribu-
tion, Mod) of the seasonally oscillating von Bertalanffy growth
function based on moving averages (MA) of 3 and 7 of the
target fish species from reservoirs assessed with the boot-
strapped electronic length frequency analysis with genetic
algorithm function of TropFishR. Estimates based on the
pooled length-frequency data of Tono, Bontanga, and Golinga
reservoirs collected from July 2016 to June 2017. Lower and
Upper denote 95% confidence interval of the estimates.
Species Parameter
MA¼ 3 MA¼ 7
Mod Lower Upper Mod Lower Upper
C. zillii L1 (cm) 20.56 18.19 22.41 20.56 15.55 22.27
K (/yr) 0.73 0.30 1.08 0.69 0.51 1.55
tanchor 0.27 0.19 0.83 0.36 0.18 0.89
C 0.68 0.21 0.94 0.81 0.35 0.97
ts 0.36 0.16 0.83 0.65 0.35 0.78
U 2.49 1.99 2.73 2.47 2.09 2.89
O. niloticus L1 (cm) 26.03 24.26 28.08 26.06 19.51 28.15
K (/yr) 0.26 0.22 0.69 0.83 0.44 1.53
tanchor 0.60 0.16 0.84 0.45 0.18 0.78
C 0.60 0.15 0.89 0.50 0.22 0.95
ts 0.53 0.18 0.86 0.81 0.12 0.93
U 2.24 2.11 2.73 2.75 2.23 3.08
S. galilaeus L1 (cm) 22.91 17.24 24.29 17.60 17.15 18.00
K (/yr) 0.32 0.30 1.31 0.82 0.63 1.10
tanchor 0.57 0.14 0.87 0.63 0.21 0.80
C 0.70 0.17 0.90 0.68 0.33 0.90
ts 0.41 0.11 0.89 0.39 0.23 0.63
U 2.23 1.95 2.89 2.41 2.27 2.55
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Appendix 2a. Estimated mortality values (Z, M, and F), exploitation rate (E), and biological reference points of fishing mortality
(Fmax, F0.1, F0.5) for the target species of Tono, Bontanga, and Golinga reservoirs based on the pooled growth parameters with
moving average setting of 3. Mod, mode of the marginal distribution; Low (lower) and Upp (upper) denote 95% confidence





Mod Low Upp Mod Low Upp Mod Low Upp
C. zillii Z 1.13 1.03 3.26 1.91 1.68 5.47 1.42 1.27 3.63
M 0.73 0.61 1.65 0.73 0.61 1.65 0.73 0.61 1.65
F 0.40 0.32 1.64 1.15 0.89 4.31 0.67 0.56 2.17
E 0.35 0.31 0.51 0.61 0.53 0.79 0.47 0.44 0.60
F0.1 0.95 0.75 1.56 0.67 0.52 1.62 1.25 0.66 1.54
Fmax 6.95 1.82 7.00 4.78 1.16 7.00 2.27 1.68 7.00
F0.5 0.59 0.48 1.03 0.48 0.39 1.25 0.88 0.43 1.24
O. niloticus Z 1.13 1.03 2.82 1.15 1.03 2.69 1.19 1.01 3.52
M 0.52 0.45 1.08 0.52 0.45 1.08 0.52 0.45 1.08
F 0.62 0.50 1.78 0.67 0.50 1.65 0.68 0.53 2.40
E 0.55 0.49 0.63 0.58 0.48 0.61 0.57 0.53 0.68
F0.1 1.02 0.84 1.99 1.66 1.13 3.06 0.81 0.68 1.61
Fmax 4.34 1.73 7.00 6.96 3.81 7.00 7.00 1.98 7.00
F0.5 0.58 0.50 1.23 1.65 0.99 2.64 0.52 0.45 1.16
S. galilaeus Z 2.49 1.75 6.38 2.99 2.35 3.19 2.10 1.82 3.90
M 0.81 0.59 1.85 0.81 0.59 1.85 0.81 0.59 1.85
F 1.58 0.85 5.01 1.40 0.87 1.46 1.27 0.89 2.68
E 0.63 0.48 0.78 0.47 0.37 0.46 0.61 0.49 0.69
F0.1 0.99 0.65 2.52 2.59 2.03 2.85 0.85 0.68 4.46
Fmax 2.13 1.51 7.00 6.72 6.02 7.00 7.00 3.50 7.00
F0.5 0.67 0.46 1.82 2.85 1.81 3.05 0.65 0.52 2.32
Appendix 2b. Estimated mortality values (Z, M, and F), exploitation rate (E), and biological reference points of fishing mortality
(Fmax, F0.1, F0.5) for the target species of Tono, Bontanga, and Golinga reservoirs based on the pooled growth parameters with
moving average setting of 7. Mod, mode of the marginal distribution; Low (lower) and Upp (upper) denote 95% confidence inter-





Mod Low Upp Mod Lower Upp Mod Low Upp
C. zillii Z 2.14 1.60 5.02 3.36 1.87 15.80 2.26 1.61 6.62
M 1.68 0.92 2.24 1.68 0.92 2.24 1.68 0.92 2.24
F 0.91 0.44 3.12 1.91 0.62 13.92 1.14 0.37 4.73
E 0.43 0.27 0.62 0.57 0.33 0.88 0.50 0.23 0.71
F0.1 1.53 0.96 2.35 1.14 0.90 2.65 1.10 0.88 5.50
Fmax 7.00 1.69 7.00 2.57 1.81 7.00 1.96 1.55 7.00
F0.5 1.00 0.61 1.99 0.91 0.67 2.41 0.79 0.65 1.34
O. niloticus Z 3.34 1.70 4.99 3.07 1.36 4.01 3.49 2.05 5.53
M 1.25 0.81 2.08 1.25 0.81 2.08 1.25 0.81 2.08
F 2.04 0.70 3.40 1.85 0.26 2.49 2.21 1.05 3.95
E 0.61 0.41 0.68 0.60 0.19 0.62 0.63 0.51 0.71
F0.1 2.28 1.38 3.28 2.49 1.30 3.96 1.82 1.19 2.92
Fmax 4.16 2.80 7.00 6.96 3.30 7.00 3.72 2.57 7.00
F0.5 1.44 0.94 2.29 2.15 1.04 4.76 1.21 0.79 2.68
S. galilaeus Z 2.70 1.87 3.38 2.87 2.86 2.89
M 1.32 1.13 1.72 1.32 1.13 1.72 1.32 1.13 1.72
F 1.29 0.48 1.72 1.19 1.15 1.24
E 0.48 0.25 0.51 0.42 0.40 0.43
F0.1 2.24 1.52 3.44 2.25 2.18 2.31
Fmax 5.30 4.98 7.00 7.00 7.00
F0.5 2.07 1.24 2.13 2.35 2.33 2.37
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